Sarcoplasmic reticulum vesicles were exposed to various thiol-directed spin labels, and the position of the label on the inner or outer vesicle surface was investigated as a function of the ATPase (adenosinetriphosphatase; ATP phosphohydrolase, EC 3.6.1.3) chemical state. Previous measurements of label accessibility to externally added ascorbate had been considered to suggest an external-internal transition of protein-bound labels, coupled with ion translocation [Tonomura, Y. & Morales, M. F. (1974) Two main classes of model for the mechanism of ion translocation through membranes by intrinsic proteins exist: (a) the rotatory-carrier model, in which the ion binding site is carried from one side of the membrane to the other as a result of the general reorientation of the transporting protein (1), and (b) the fixed pore model, in which the enzyme forms a channel within which a cation binding site becomes alternately accessible to the inner and outer aqueous phases through minimal conformational changes in the polypeptide chain (2-4). Further studies with proton pumping systems have led to pump models in which a water-soluble catalytic unit is gating a hydrophobic channel-forming polypeptide. Although for thermodynamic reasons the first model has been judged less plausible (4) and is not easily reconciled with the results of immunology experiments (5-9), chemical modification experiments by Tonomura and coworkers (10-12) apparently support the hypothesis that in sarcoplasmic reticulum (SR) fragments Ca2+-ATPase (adenosinetriphosphatase; ATP phosphohydrolase, EC 3.6.1.3) functions by rotatory molecular motion.
nide-label interaction can be attributed to a different orientation of the label in any of the enzyme chemical states tested. Our results therefore contradict the current interpretation of ascorbate quenching experiments in terms of calcium ATPase rotatory motion; rather they are consistent with ion transport models involving only limited conformational rearrangements of the pump.
Two main classes of model for the mechanism of ion translocation through membranes by intrinsic proteins exist: (a) the rotatory-carrier model, in which the ion binding site is carried from one side of the membrane to the other as a result of the general reorientation of the transporting protein (1) , and (b) the fixed pore model, in which the enzyme forms a channel within which a cation binding site becomes alternately accessible to the inner and outer aqueous phases through minimal conformational changes in the polypeptide chain (2) (3) (4) . Further studies with proton pumping systems have led to pump models in which a water-soluble catalytic unit is gating a hydrophobic channel-forming polypeptide. Although for thermodynamic reasons the first model has been judged less plausible (4) and is not easily reconciled with the results of immunology experiments (5-9), chemical modification experiments by Tonomura and coworkers (10) (11) (12) apparently support the hypothesis that in sarcoplasmic reticulum (SR) fragments Ca2+-ATPase (adenosinetriphosphatase; ATP phosphohydrolase, EC 3.6.1.3) functions by rotatory molecular motion.
Tonomura and Morales (10) tried to reveal how the accessibility of the ATPase sulfhydryl groups to the external aqueous medium changed with the changing chemical state of the enzyme. They exposed the protein to a spin-labeled maleimide derivative and then added ascorbate externally to deduce the position of the label on the inner or outer vesicle surface from its measured reduction rate. Kinetic analysis of the quenching profiles of the bound label's electron spin resonance (ESR) spectrum revealed two distinct classes: fast-reacting externally located labels and slow-reacting labels, believed to be internal. The ratio of slowly-to-rapidly quenched fractions changed when the spin-labeled enzyme-containing medium was altered.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 (20) (21) (22) (23) (24) (25) (26) .
MATERIALS AND METHODS
SR vesicles were prepared and tested as already described (27, 28) . SR (50 ,ul) were positioned in the cavity as reproducibly as possible. Spectrum recording (200 sec) started 1-1.5 min after addition of quenching agent.
Permeability measurements were performed as described was incubated with the vesicles for 1 hr before label addition; the resulting bound label then displayed a more strongly "immobilized" spectrum. Labeling decreased vesicle ATPase activity (by less than 50% for 2-3 hr of incubation); phosphoenzyme formation was even less affected than was hydrolytic activity or calcium transport (30) . These results are in agreement with reported values (10, 13, 31, 32) .
The various five-membered maleimide derivatives (labels II-IV) also reacted with both fast and slow reacting groups. The very similar labeling patterns observed (data not shown) suggested identical binding sites. The ATPase activity of the SR suspension modified with label III was 50% inhibited; inhibition after SR reaction with label II was not tested. On the other hand, pump activity was completely unaltered, within experimental error, by labeling with spin label IV, probably because of decreased steric hindrance from this flexible long-arm derivative. Different levels of inhibition have already been demonstrated to result from binding of different SH reagents to the same site (33) . Quenching Agent Impermeability. Relative vesicle impermeability to transition ions (nickel was mostly used) was first tested as follows: Vesicles (25-32 mg/ml) were incubated overnight in sucrose buffer with 1-2 mM 4-[N-(2-hydroxyethyl)N,N-dimethyl]ammonium-2,2,6,6-tetramethylpiperidine-l-oxyl (tempocholine), a charged soluble nitroxide label.
Nickel chloride (200 mM) or 50mM potassium ferricyanide was then added at00C (50 mM nickel chloride for experiments at 200C). A significant proportion of label was found to be protected from line-broadening interaction with the transition ion, and decreased slowly over 10-20 min (Fig. 1A) . Extrapolation back to zero time showed that some 3-5% of the tempocholine signal amplitude was protected by the vesicular compartment, which corresponds to an internal volume around 1-2 al/mg of protein. Duggan and Martonosi (34) and McKinley and Meissner (29) measured 3 ,gl/mg in their preparations. Our value of 1-2,l/mg might be an underestimation. This is because internal tempocholine signal has a broader linewidth than that of external tempocholine, on account of the higher viscosity inside the vesicles (16) . In fact, therefore, the 3-5% residual signal amplitude indicates the presence of a higher number of protected tempocholine molecules (i.e., 3-5% multiplied by the square of the linewidth ratios), but such corrections are difficult to assess experimentally. On the other hand, the experiments described below with sucrose-loaded vesicles produced a value The slow protected signal decrease could either be due to broadening agent entry into the vesicles or to transition ioninduced tempocholine release, or to both. We examined the effect of nickel on vesicle permeability to sucrose (Fig. 1B) . We found that addition of 200 mM nickel at 20'C did accelerate radioactive sucrose release from previously loaded vesicles. This nickel-induced faster sucrose release is probably related to the previously recognized fact that nickel treatment tends to promote vesicle clumping (16) . Nevertheless, additional data suggested that virtually no nickel penetrated into the vesicles during incubation for 1-1.5 hr (16) . We repeated the nickel entry experiment (Fig. 1C) and also found negligible radioactive nickel counts in the vesicles after a long incubation period, probably because of the nickel-induced modification of vesicle surface properties. Over shorter periods, on the other hand, we were able to record nickel radioactivity in the vesicles.
Nickel and probably ferricyanide are therefore not completely impermeable agents. However, our results make clear that they can be used to discriminate between external and internal signals in the first few minutes after their addition to the vesicle suspension. For instance, 3 min after the addition of 200mM nickel at 20'C, 25% of the vesicles in the worst case were disrupted (Fig. 1B) . Starting with an internal volume of Proc. Natl. Acad. Sci 20 mg/ml), the nickel concentration in the intravesicular space is at most 1/4 of the external concentration (Fig. IC) , and the line broadening of any internal signal is also only 1/4 of external signal line broadening. When nickel is added at 00C, its internal concentration after 3 min must necessarily be still lower than that at 200C, due to the lower nickel entry rate. For instance, Fig. IA shows that more than 85% of the internal tempocholine signal is still apparent after 3 min.
Vesicle permeability to ascorbate at 00C was demonstrated by the same techniques. When tempocholine-loaded vesicles (20 mg/ml) were exposed to an ascorbate concentration high enough to reduce all accessible labels during the first minute (20 mM), the vesicle-protected labels (unreduced signal at, say, 2 min minus the unreduced signal in a vesicle-free system or in a vesicle suspension previously solubilized with NaDodSO4 or Triton) comprised only 0.3-0.4% of the original tempocholine signal. Only when the ascorbate concentration was decreased to 2 mM could we demonstrate that the difference between the unreduced signal in the complete system (two compartments) and the unreduced signal in the reference system (one compartment) amounted to a few percent. This unreduced differential signal itself decreased by half in 3-5 min; independent permeability measurements with radioactive ascorbate showed that at 40C ascorbate equilibrated across the vesicular membrane with a time constant around 0.4 min-1.
Transition Ion-Induced Line Broadening. Collision-dependent line broadening of a given spin label by a transition ion decreases the amplitude of the label's first derivative absorption line to an extent depending on the initial width of the resonance line. Further, in a multicompartment system like our vesicle suspensions, line-broadening by nickel does not extend beyond the interface zone. As an example of this, we performed a series of experiments with N-oxyl-4,4'-dimethyloxazolidine derivatives of stearic acid [I(m, n)]. At 0°C, we found that addition CH3 -(CH2)m-C-(CH2) n -COOH O-N 0 I(m, n) of 0.2-0.7 M nickel to vesicles labeled with 1(3, 12) decreased by 36-64% the height of this relatively water-accessible but highly immobilized label (central linewidth around 5 G). Under the same conditions, these high nickel concentrations almost completely removed the signal originating from a typical soluble label like tempocholine (linewidth around 1-1.5 G). On the other hand, the relatively narrow spectrum (central linewidth around 3G) of vesicles labeled with 1(1, 14) was nearly unaffected by nickel addition, probably because the nitroxide group in this fatty acid derivative is located within the core of the lipid leaflet. The ESR spectrum of SR labeled with label I is shown in Fig.  2 , together with the effect of 200 mM nickel addition at 0°C. Under the same conditions, the addition of nickel decreased the signal amplitude of unbound maleimide spin label to less than 4% of its original value. The different quenching efficiencies of nickel for bound or free spin labels might be due either to the broad linewidth of bound label signal, or to the relative inaccessibility of the possibly deeply buried membrane label, or to both. However, in order to test the hypothetical inward reorientation of some of the labels during pump activity, it is highly desirable for apparent quenching of the external signal in the ground state to be as complete as possible. We therefore decided to prepare vesicles labeled with maleimide derivatives of increasing arm length between maleimide and nitroxide in order Effect of Ni2+ on ESR spectrum of spin label I in SR membranes. Labeled protein was diluted (6 mg/ml) at 0°C in the standard sucrose buffer plus 5 mM Ca2+ in the absence (spectrum a) and presence (spectrum b) of 200 mM nickel chloride. Klystron attenuation was 7.5 db (35 mW power), and modulation amplitude was 1.25 G. Same gain was used for both spectra.
to increase both the motional freedom and water accessibility of the nitroxide group. Fig. 3 shows the ESR spectra for these SR-bound labels, together with the resulting spectra after addition of 200 mM nickel at 200C. All three labels displayed composite signals, the "less strongly immobilized" one being more efficiently quenched than the "more immobilized" one. Due to a narrower resonance line and possibly to better water accessibility, the long-armed label IV was very efficiently quenched by nickel addition. The same results were obtained when ferricyanide was used as a line-broadening agent (data not shown).
Facing Direction of Bound Labels. From the above results, we can now turn to the experiments directly connected with our initial aim of locating the SR-bound labels on the inner or outer vesicle surface.
We began by investigating label positions in the ground state (absence of substrate) as follows: (i) In the event that some labels are on the inner vesicle surface, the permeability characteristics described above (Fig. 1) would allow most of their signals to remain visible on the first recordings, made 2-3 min after nickel addition, and then they would eventually disappear along with nickel penetration. However, in practice, the resulting signal Biochemistry: Champed et al. 2408 Biochemistry: Champeil et al.
after nickel addition was perfectly stable for all four maleimide labels tested. For instance, the SR-bound label I residual signal was monitored from 2 min up to 1.5 hr after the addition of 0.2 M nickel at 00C without showing any drop in amplitude; the same applied when the label III residual signal was monitored at 20'C for up to 1 hr. (ii) After the addition of 200 mM nickel at 00C, vesicles labeled with label IV displayed a residual spectrum that was found insensitive to previous vesicle solubilization by Triton. (iii) The signal arising from this SR-bound label IV could be quenched to very low values (addition of 200 mM or 400 mM nickel at 200C left only 12% or 8%, respectively, residual amplitude), suggesting that most of the label was accessible to the outer phase. From these three results, we conclude that labeled SR groups do not reside on the inner surface of the vesicles.
Next, we tested whether nickel or ferricyanide quenching was dependent on the ATPase chemical state. We concentrated on the phosphorylation step, and therefore added to our labeled vesicles an ATP-containing medium with a high calcium concentration in order to ensure full phosphorylation but a decreased dephosphorylation rate and hence minimum ATP hydrolysis (35) . We checked that, at 00C in 10 mM Mg2+/5 mM Ca2+/7.5 mM ATP at pH 7, the ATP turnover (<0.01 Mimol per mg/min), was slow enough to allow recording of several ESR scans with minimal ATP hydrolysis, even at protein concentrations as high as 6 mg/ml. We also tested the effect of nickel or ferricyanide on the phosphorylation level in the same medium (except that the ATP concentration was 12.5 ,gM) and found that 50 mM ferricyanide had virtually no effect, nor had 200 mM nickel, when added after the ATP, as in our experiments. After checking these points, we compared the residual ESR quenched signals obtained when the medium contained either 5 mM Ca2+ plus 7.5 mM ATP, or 5 mM Ca2+ alone, or no exogenous calcium (endogenous calcium was, however, present). By using 200 mM nickel at 0°C (i.e., conditions allowing the first spectra to be recorded with minimum nickel penetration), we could not detect any modification in residual signal amplitude with any of our four types of SR-bound label. The same result was obtained by quenching label IV with 50 mM ferricyanide. Specific experimental conditions, namely less (50 mM) nickel added at 20°C, apparently produced a residual signal 9% higher when nickel was added in the presence of ATP. This can be most simply explained in terms of decreased quenching efficiency of the nickel-ATP complex versus nickel alone (see, for instance, decreased efficiency of Ni2+/ EDTA versus Ni2+ alone, in ref. 18 ). We therefore conclude that labels do not undergo any inward reorientation on phosphorylation of the Ca2+ pump.
We also tried to derive this conclusion from chemical quenching studies at 0°C. However, in the absence of vesicles, we found that 2 mM ascorbate reduced label I with a rate constant (0.3 min'1) comparable to the previously measured equilibration rate of ascorbate across vesicle membrane (around 0.4 min'1). From this result it appeared to us impossible to demonstrate that protein-bound labels quenched either at the same rate as free label or at a much lower rate, respectively, correspond to external and internal positions. We therefore decided not to pursue this line. We could, however, confirm that, as described by Tonomura and Morales (10), the bound label signal dropped to a non-zero value on addition of ascorbate. Hasselbach and Elfvin (36) , (ii) the unmodified biphasic ascorbate quenching pattern measured by Nakamura at Triton X-100 or deoxycholate concentrations high enough to destroy the vesicular structure (37) , and (iii) the high chloride SR permeability which makes unlikely the constitution of any transmembrane ascorbate gradient due to an electrical potential difference suggested by Tonomura and Morales (10) .
DISCUSSION
In addition, these last authors mention that, on ascorbate addition, the bound label ESR signal appears to decay to a non-zero value. We confirmed this fact, which is probably due to the very deeply buried location of part of the labels. ' (28, (40) (41) (42) (43) , and even ESR spectroscopy with another label (27, 44) , could give rise to different degrees of label accessibility to ascorbate. As evidenced in transfer saturation studies (45) , the maleimide label spectrum itself might well be insensitive to these changes, because of the already highly constrained state which is apparent from its spectrum.
To return to the original question about translocation mechanisms, Tonomura (46) . Distinction between these various models is, however, mainly semantic, at least as judged on topological grounds (9, (46) (47) (48) (49) .
A final comment can be added. Although transmembrane translocation of an important portion of the polypeptide chain can now be excluded for SR Ca2+-ATPase, such a definite conclusion has apparently not yet been reached for other transport systems (see, for instance, refs. 50 and 51). We suggest that in these cases the above-described nickel or ferricyanide method might prove to be a valuable tool.
